In species with biparental care, males tend to invest less in offspring than do females, likely because of differences in the costs and benefits associated with parental effort. Here I test for sex differences in the response of tree swallows (Tachycineta bicolor (Vieillot, 1808)) to a brood-size manipulation at two locations differing in food resources, Alaska and New York. I tested sex and habitat differences in how swallows responded to changes in offspring demand. At both sites, both sexes increased effort when feeding enlarged broods, although Alaskan males increased feeding less than Alaskan females. Males decreased feeding effort more to reduced broods than females, but only in Alaska. Food abundance was higher in Alaska than in New York, and Alaskan tree swallows made more feeding visits than New York tree swallows. In New York, food availability did not predict feeding rate and there was no sex difference in the response to brood manipulation. In both sites, male feeding effort was linked with nestling residual body mass, while female feeding effort was correlated with nestling growth rate. This study demonstrates that male tree swallows differ from females by being the first to reduce feeding effort under certain conditions and that male and female feeding rate affects offspring quality differently.
Introduction
In species with biparental care, there is a conflict of interest between males and females as each strives to maximize offspring survival while minimizing costs to their own future reproductive success (Stearns 1992; McNamara et al. 1999; Houston et al. 2005) . Thus, as one sex adjusts to conditions, the other sex should never compensate fully for reduction in care (Chase 1980; Houston and Davies 1985; Winkler 1987; Hinde and Kilner 2007) . Parental care should vary based on the costs and benefits to each sex of changing effort (Queller 1997; Sanz et al. 2000) . In this study, I tested for sex differences in the response of tree swallows (Tachycineta bicolor (Vieillot, 1808) ) to a brood-size manipulation at two sites that differed in food availability. Broodsize manipulation allows for an assessment of the response of both parents to an experimental change and can indicate willingness of both parents to feed offspring (Leffelaar and Robertson 1986 ). The tree swallow has been a good model for examining parental care (Leffelaar and Robertson 1986; Lombardo 1991; Dunn and Robertson 1992; Whittingham et al. 1993 Whittingham et al. , 1994 . Tree swallows are socially monogamous; both parents feed offspring, but only female tree swallows incubate and brood ).
First, I tested for sex differences in response to brood-size changes using feeding behaviour as a measure of parental care. Males and females may differ in their response to brood size because of differences in relatedness to offspring caused by high levels in extra-pair paternity (Kempenaers et al. 1998) . However, the sexes may respond differently because their roles during the nestling period may vary, with one sex generally contributing less to feeding behaviour and more to other aspects of care, such as nest defense.
Second, I tested for the effect of habitat variation as differences in resources and environmental conditions among sites can greatly affect parental strategies (Tremblay et al. 2003) . In tree swallows, Dunn and Robertson (1992) compared the importance of male parental care (via male removal) between two sites differing in food abundance and found that females were most strongly affected by the loss of their mate in the site with lower food abundance. In this study, I compared sex differences in response to brood-size manipulations in two sites that differed greatly in food abundance (Alaska and New York, USA). If indeed differences in costs and benefits between males and females lead to sex differences in parental care, then males may show less difference relative to females at the site where food supply is most important to raising offspring. Thus, I predicted that the site with the highest food availability would show the smallest decrease in male care, especially when broods are enlarged. I tested (i) whether parental care, as measured via offspring feeding, differed between sites and (ii) whether males showed a greater reduction in care to reduced broods in the site with the higher food availability.
Lastly, examining parental care without its consequences to offspring quality or condition is incomplete, as the ability to maintain offspring quality under experimental conditions may reflect parental care better than feeding rates alone (Whittingham et al. 1994) . Increased parental care, reflected in feeding rates, should lead to increased offspring condition; however, the changes induced in this experiment by manipulating brood size may lead to differences in the effect of male vs. female provisioning behaviour on offspring measures. Overall, in this study, I tested sex differences in changes in feeding effort in response to changes in brood size and the consequences of those changes on offspring condition (growth rate and residual body mass).
Materials and methods
I studied tree swallows breeding in nestboxes erected for their use in Tompkins County (centered on 42829'N, 76827'W, elevation 118 m), New York, USA, in 2000 and in Fairbanks (centered on 64849'N, 147852'W, 138 m), Alaska, USA, in 2002. Clutch initiation date varied among sites (median date -New York: 10 May; Alaska: 1 June); the experiment was conducted on nests spanning 82%-85% of the breeding season at each site. Ninety percent of tree swallows initiate clutches within 60 days of one another in New York and within 35 days in Alaska. Nests were checked daily to determine date of clutch initiation and clutch size. Neither clutch size (Alaska: 5.67 ± 0.655 (mean ± SD), New York: 5.62 ± 0.71; t [145] = 0.45, P = 0.50) nor mean daily temperature differed between sites (Ardia 2006) . In all nests, breeding females were captured, banded, and aged as either 2nd year or after 2nd year by plumage . To record nest visitation rates, three 60 min behavioural observations stratified over the daylight hours were conducted using video cameras recording from at least 20 m outside the box between nestling days 8-11 for each breeding pair, the period of peak nestling growth (Zach and Mayoh 1982) and high energetic demand (Burness et al. 2000) . Prey delivery rate reflects prey mass in tree swallows (McCarty 2002) . Sexes were differentiated in video observations by marking females with a small dot of white paint on the back; all observations had at least a single visit by both the male and the female in each pair. For each observation, cameras were set with timers to begin recording 15 min after setup to minimize the effect of human disturbance on provisioning behaviour. No more than one observation was conducted on any single day. Mean feeding visits per observation were used in analyses, except for analyses of the effect of feeding on nestling growth and residual body mass, when the number of feeding visits per observation per hour of daylight was used. With few exceptions, tree swallows feeding nestlings at this age bring food during nest visits (personal observation).
First broods with the same hatching date were randomly assigned to one of three partial cross-fostering brood manipulation treatments: (1) increased, (2) decreased, or (3) control. This created broods that were roughly 50% larger or smaller than the original clutch size (natural range 4-7 eggs) (mean number of nestlings on day 4 -New York: decreased 2.97 (N = 17), control 5.01 (N = 16), increased 7.81 (N = 16); Alaska: reduced 2.94 (N = 16), control 5.08 (N = 17), enlarged 7.88 (N = 16)). Chicks were individually marked and swapped for all treatments on day 3 of the nestling period. Every nest contained partially cross-fostered nestlings (i.e., a mix of nestlings hatched in the nest and hatched in other nests). Offspring were measured on days 4, 6, 10, and 12 of the nestling period. During each visit, body mass (±0.1 g), flattened left wing length (±0.5 mm), head-bill length (back of skull to tip of bill), and tarsus length (±0.05 mm) were recorded by the same individual at both sites.
Insect availability was determined using two 2 m aerial insect samplers powered by a Robbins and Myers 1650 rev/min 0.08 horsepower motor (12.95 m/s) (McCarty and Winkler 1999) to collect daily samples of aerial insect abundance during the breeding season. Samplers were set on timers to collect insect availability over approximately 70% of daylight hours; each daily sample was divided by the number of hours of operation to correct for longer periods of daylight hours in Alaska. Packed insect volume was measured by centrifuging samples at 5000 r/min (31.4 m/s 2 , 4500g) for 75 min after removing seeds and other debris. Prey availability was calculated for each pair by summing the insect volume measured on the 3 days the feeding observations occurred.
Females were part of a larger experiment on tradeoffs between immune function and offspring quality in breeding females (Ardia 2005a (Ardia , 2005b ). Females raising cross-fostered broods (control, reduced, enlarged) were given two immunochallenges: sheep red blood cells and phytohaemagglutinin on day 4 of the nestling period. To assess whether immuno-challenges affected female feeding behaviour, I compared injected females raising control broods to females handled the same but given injections of saline. There was no difference in the number of feeding visits between females exposed to immunochallenges and females exposed to saline (injected: 8.73 ± 1.13 visits (mean ± SD), not injected: 8.67 ± 1.07 visits; F [1, 33] = 0.56, P = 0.65); females were assigned to immunochallenges and saline controls balanced for clutch size and lay date. In addition, both male visits and total feeding visits (female + male visits) did not differ between immunochallenged female pairs and saline-injected female pairs (male -injected: 5.8 ± 1.07 visits, not injected: 6.0 ± 1.12 visits, F [1, 33] = 0.43, P = 0.81; total visitsinjected: 14.53 ± 1.71 vistis, not injected: 14.67 ± 1.68 visits, F [1, 33] = 0.61, P = 0.63), indicating no difference in how males responded to females being immunochallenged. These results suggest that any change in female feeding behaviour in the present study reflects the effect of the brood-size manipulation and not the direct effect of mounting an immune challenge.
All work was done with the approval of the Institutional Animal Care and Use Committee of Cornell University.
Statistical analyses
I first tested for site and sex differences with a two-way ANOVA examining feeding rate with site and sex as main effects, as well as a site Â sex interaction. Factors predicting feeding effort were then assessed separately for each site using an ANCOVA (PROC GLM) (SAS Institute Inc. 1988) with the following effects: sex, brood-size manipulation treatment (reduced, control, enlarged), food availability on the days of the observations, sex Â treatment interaction, and sex Â food availability. To avoid pseudoreplication, nest was included as a random effect. In addition, the following variables were included as covariates: standardized clutch initiation date, female age (after 2nd year vs. 2nd year), and initial clutch size. Clutch initiation date was standardized to a mean of 0 for each year while maintaining the normal range of variation. Post hoc tests of means were conducted using significant differences in pairwise comparisons of least square means (means correcting for covariation with other variables). Insect availability over time was analyzed using simple regression. All variables were normally distributed (Shapiro-Wilk's W > 0.97, P > 0.20).
Nestling development was characterized using two variables: (1) growth rate and (2) residual body mass. Growth rate from day 4 to day 12 was calculated as the growth rate constant K of a logistic growth function (Starck and Ricklefs 1998) for three nestling measures (ninth primary wing feather length, tarsus length, and head-bill length), an approach used previously for tree swallows with a similar number of data points (Zach and Mayoh 1982; McCarty 2001) . For these sites, previous analyses showed that fitting a logistic equation was the best fit for tree swallow growth (Ardia 2006) . The following asymptotic values were used to calculate K: ninth primary wing feather length (85 mm), tarsus length (16.5 mm), and head-bill length (28 mm). Because the three nestling measures are highly correlated, K values were combined in a principal component analysis and the first principal component (which explained 82% of the variation) was used in statistical analyses. Nestling residual body mass on nestling day 12 was calculated as the residual of a regression of body mass against head-bill length, a structural measure of body size. Residual body mass values were calculated separately for each site because of differences in overall body mass between sites (Ardia 2006) .
The effect of provisioning behaviour on nestling measures was examined in a forward-selection multiple regression model (entry probability = 0.15) analyzing both growth rate and residual body mass simultaneously. The following variables were included in the initial analysis: standardized clutch initiation date, the number of chicks in the nest on nestling day 12, the difference between the original clutch size and the number of chicks on day 12, prey availability index, the number of female visits, and the number of male visits. I used partial regression plots to examine relationships between predictors and the variable of interest while taking other variables into account. Partial regression plots are the best method of examining the relationship between two variables while accounting for covariation with other independent variables in a model (Neter et al. 1996) . Partial regression plots for a pair of variables are created by plotting the residuals of two regression analyses: the first variable of interest against all independent variables vs. the first variable of interest against all independent variables excluding the second variable.
Results
Insect availability showed considerable daily variation at both sites, but overall prey availability showed a positive linear trend as the breeding season progressed (Julian date vs. packed insect volume (mm 3 ) -Alaska: = 5.70, F [1, 67] = 5.12, P = 0.02, R 2 = 0.13; New York: = 2.05, F [1, 111] = 4.22, P = 0.04, R 2 = 0.10). There were more insects available in Alaska than in New York (site-level difference in abundance: F [1, 202] = 11.16, P < 0.001).
There were significant sex-and site-level differences in feeding behaviour. Alaska tree swallows made more feeding visits than New York tree swallows (F [1, 94] = 37.3, P < 0.001). Female tree swallows made more feeding visits than male tree swallows (F [1, 94] = 4.39, P = 0.03), with no difference in the magnitude between sites (sex Â site interaction F [1, 94] = 0.3, P = 0.59; least square mean (±SE) feeding visits / h -Alaska: male 13.1 ± 1.0, female 15.3 ± 1.2; New York: male 6.0 ± 0.9, female 8.8 ± 1.0). The effect of brood manipulation varied by site; there was a significant three-way interaction between site Â sex Â brood manipulation (F [2, 94] = 6.1, P = 0.01).
To aid in the interpretation of a three-way interaction, the effect of brood manipulation on male and female tree swallows was then examined separately among sites. In Alaska, males and females responded to brood-size manipulation differently ( Fig. 1 ; overall model: R 2 = 0.74; sex: F [1, 60] = 33.0, P < 0.001; brood-size manipulation: F [2,60] = 51.8, P < 0.001; sex Â manipulation: F [2, 60] = 5.9, P = 0.004). Relative to control broods, both sexes increased feeding rate to enlarged broods, with males increasing feedings by 29% and females by 43% (Fig. 1) . In reduced broods, males decreased feeding more than females, showing a 55% reduction in feeding rate relative to controls, while females decreased by only 5%. In Alaska, food availability predicted feeding rate ( Fig. 2; F [1, 60] = 7.8, P = 0.007), but there was no sex difference in the effect of food on feeding rate (sex Â food interaction: F [1, 60] = 0.5, P = 0.49). There was no effect of female age, clutch initiation date, or initial clutch size on visitation (F [1, 60] 1.3, P 0.26).
In New York, males and females responded similarly; both sexes increased feedings to enlarged broods and decreased feedings to reduced broods ( Fig. 1 ; overall model: R 2 = 0.46; sex: F [1, 85] = 9.7, P = 0.004; brood-size manipulation: F [2, 86] = 3.8, P = 0.02; sex Â manipulation: F [2, 60] = 0.1, P = 0.91). Relative to control broods, males and females showed a similar increase in feeding rate to enlarged broods (25% vs. 28%) and a similar decrease to reduced broods (30% vs. 25%). There was neither an effect of food availability on visitation ( Fig. 2; F [1, 86] = 0.2, P = 0.67) nor any effects of female age, clutch initiation date, initial clutch size, or food availability on visitation (F [1, 86] 2.1, P 0.15).
There was no difference in factors affecting offspring quality when each site was analyzed separately, so both sites were combined in the final analysis. Increased feeding rate was correlated with offspring quality, with male and female feeding visits affecting offspring differently. Male feeding visits were correlated with nestling residual body mass ( = 0.198, F [1,82] = 29.3, P = 0.0001, R 2 = 0.31; Fig. 3 ), but male visits had no effect on nestling growth rate (P > 0.24). Feeding rate of male and female tree swallows (Tachycineta bicolor) feeding 8-to 11-day-old nestlings following brood-size manipulation at two sites (Alaska and New York). Letters refer to least square (LS) mean differences at P < 0.05 within each site. Note the different scale for each site. Fig. 2 . Effect of food availability (measured as packed volume) on feeding rate of male and female tree swallows feeding 8-to 11-dayold nestlings at two sites (Alaska and New York). Note the different scale for each site.
The converse was true for females; female feeding visits were correlated with nestling growth rate ( = -0.10, F [1, 82] = 17.26, P = 0.0001, R 2 = 0.18) but not with residual body mass (P > 0.22; Fig. 3 ). There was no effect of the number of nest mates or difference in number of nest mates prior to brood-size manipulation on either residual body mass or growth rate (P 0.42).
Discussion
In species with biparental care, differences in the costs and benefits of reproductive effort may lead males to show different sensitivity to changes in offspring demand compared with females. Males responded differently compared with females following an experimental manipulation, but only in one site, Alaska. In Alaska, males reduce provisioning to a greater extent than females (55% vs. 5%), while in New York, both sexes reduced provisioning similarly (25%-30%). At both sites, males and females increased feeding effort in enlarged broods, but the difference between males and females was much larger in Alaska (29% vs. 43%) than in New York (28%-30%). Differences in food availability and its link with foraging appears to underlie these differences, supporting studies finding a link between habitat and parental care (Bryant and Westerterp 1983; Tremblay et al. 2003) .
The pattern reported here reflect a correlative link between food availability and parental care in only one site. Food availability was higher in Alaska and feeding rates (both males and females) were higher. In addition, increasing food abundance was correlated with increased feeding visits in Alaska, but not in New York. Differences between breeding sites reported here suggest that when food availability is high, males will make more feeding visits, and that when food availability is correlated with feeding rate, males will be less likely to reduce care. This may be due to overall higher food abundance in Alaska, which may allow males to reduce care without cost to offspring. In New York, there was no link between food abundance and feeding rate and no sex difference in response to the brood-size manipulation. Prey-delivery rate reflects prey mass in tree swallows (McCarty 2002) , so differences in prey deliveries should reflect differences in total food ingested by broods, a key component of parental care. Interpreting the role of food availability in driving parental care is difficult; work done in blue tits (Cyanistes caeruleus (L., 1758)) in variable habitats (Tremblay et al. 2003) suggests that only in extremely rich habitats will the link between feeding and food become uncoupled. Thus, even though food is abundant in Alaska, it may not be at a level where parental care is unaffected by changes in food availability. Females fed more than males regardless of site or brood manipulation treatment, a pattern found in other studies in tree swallows (Lombardo 1991 ). This pattern suggests that Fig. 3 . Partial regression plot of the effect of residual male and female tree swallow feeding visits on residual nestling growth and residual body mass. Growth rate is a composite of growth of three structural measures: head-bill length, tarsus length, and ninth primary wing feather. Residual body mass is the residual of a regression of head-bill length vs. body mass. See text for description of how partial regression plots were calculated. male and female tree swallows may differ in either the cost of foraging and (or) the benefit of investing in young. Without specific information, for example, on the energetic costs of foraging, it is difficult to assess costs. Work done on blue tits suggests that individuals in poorer habitats travel farther in search of food (Tremblay et al. 2005) . Costs and benefits to each sex may differ based in part on differences in expectation of relatedness between the sexes (Trivers 1972) ; however, this does not explain why there might be a sitelevel difference without knowing whether extra-pair paternity differs between sites. Another difference in benefit between the sexes may be the value of parental care to offspring. The pattern reported here suggests that males show differences in parental care, reflected in feeding behaviour, only under certain conditions; in this case, a site where insect abundance is high and influences feeding rate. This correlation may indicate that feeding rate is more sensitive to food supply and may thus be more costly. Interestingly, I found an increase in feeding rate in enlarged broods in contrast to a previous brood-size manipulation of tree swallows that reported a maximal feeding rate at control brood sizes (Murphy et al. 2000) . This suggests that both sites may have higher food availability than in other locations. These results fit with other studies that show sex differences in either responses to offspring in common canaries (Serinus canaria (L., 17580) (Kilner 2002) or the effect of foraging in European starlings (Sturnus vulgaris L., 1758) (Wright and Cuthill 1990) .
Site differences are likely caused by a variety of factors in addition to differences in food availability. I found no differences in clutch size, egg mass, and ambient temperature between sites (Ardia 2005a (Ardia , 2005b Ardia 2006) , suggesting that food supply may be the best indicator of environmental conditions between sites. In addition to greater food supply, Alaskan swallows may also be more sensitive to changes in offspring because of differences in longevity, as previous work showed that Alaska tree swallows have lower return rates relative to locations farther south (Ardia 2005b ). Return rates are not necessarily indicative of survival, but even if these differences in return rates reflect survival, they are difficult to interpret. On the one hand, males in Alaska may have greater pressure to reduce costs of reproduction to maximize survival. However, if indeed survivorship is lower, life-history theory predicts that individuals should show greater effort relative to higher surviving individuals. More work is needed to determine experimentally the conditions that cause males to differ from females in response to brood-size manipulation.
As predicted, increased parental care in offspring led to increases in offspring quality, but with male and female provisioning behaviour affecting nestlings differently. Female feeding effort was correlated with nestling growth rate, while male feeding was linked with residual body mass, contrary to results reported in willow warblers (Phylloscopus trochilus (L., 1758)) where male feeding effort increased growth rates (Bjornstad and Lifjeld 1996) . Feeding visits in tree swallows reflect prey delivery (McCarty 2002) , so differences among parents in feeding visits may not indicate differences in the mass of food delivered. Interestingly, there is no direct effect of brood size on offspring quality (Ardia 2005a (Ardia , 2005b , as also reported here. Additional work has shown that sites differ in nestling development strategies, with Alaskan nestlings showing higher levels of residual body mass, while New York nestlings tend to grow faster; however, there is no difference between sites in rates of growth between body measures (Ardia 2006) . A main cause of differences between sexes in their effect on nestlings may reflect differences in diet quality (Johnston 1993; Dawson and Bidwell 2005) ; the next step in this line of inquiry would be to compare quality of prey across season and among sites. It is possible that males may bring different kinds of food and thus may influence nestlings in different ways, such as seen in blue tits (Banbura et al. 2001) , or that males respond to different cues than do females, such as seen in common canaries (Kilner 2002) . Because female feeding effort varies less, perhaps female effort contributes to the most important initial component of nestling survival, growth. Larger tree swallow nestlings, especially those with longer wing feathers, may be at a selective advantage, particularly relative to timing of fledging. Residual body mass, an indication of resource stores, may be secondary and thus increased male feeding effort may enhance this second priority of offspring quality. That males increased effort at levels similar to females in enlarged broods is contrary to predictions may reflect a need to maintain a minimum level of offspring quality. My results are contrary to those of Dunn and Robertson (1992) who found that male parental care was less valuable when food availability was high. Here, I report that male care influences offspring quality similarly at both sites.
The direct mechanism by which males and females within a pair assess and respond to each other's level of effort is not clear. Some have suggested that individuals have a set level of effort they exert, a so-called ''sealed bid'', that is invariant regardless of how their mate changes effort in a variety of species (McNamara et al. 1999; Schwagmeyer et al. 2002) , although other experiments have shown the opposite (e.g., Wright and Cuthill 1990; Whittingham et al. 1994 ). Whittingham et al. (1994) found that female tree swallows only partly compensated for their mate and increased feeding more following mate removal than when male feeding was reduced through handicapping. It is not clear whether males decreased feeding effort in reduced broods in Alaska because of how females responded or vice versa. In this experiment, the brood swap was conducted on nestling day 3, while feeding rates were recorded beginning on nestling day 8, the period of peak demand. Therefore, assessment of the response of mates could have occurred by this time, as models suggest that individuals will make multiple assessments of a mate's response (Houston et al. 2005) . Although the results reported here suggest that individuals may be responding more to cues from nestlings rather than a direct assessment of their mate's behaviour, a next step would be to compare parental responses over the course of a breeding attempt. provided advice on designing or interpreting this study, and Doug Mock, Douglas Nelson, Scott Sakaluk, and three anonymous reviewers provided comments on an earlier version of the manuscript. Financial support was provided by the Environmental Protection Agency, Cornell University, the Cornell Laboratory of Ornithology, American Ornithologists' Union, Animal Behavior Society, and Sigma Xi. This work was conducted with state and federal banding permits and the approval of the Institutional Animal Care and Use Committee of Cornell University.
